The interaction between three widely used antimalarial drugs chloroquine, primaquine and amodiaquine with acrylamide dimer and trimer as a hydrogel model, were studied by means of density functional theory calculation in both vacuum and water environments, using the functional wb97xd with 6-31++G(d,p) basis set and polarizable continuum model (C-PCM) of solvent. According to binding energy, around −3.15 to −11.91 kJ/mol, the interaction between antimalarial compounds and hydrogel model are exothermic in nature. The extent of interaction found is primaquine > amodiaquine > chloroquine. The natural bond orbital (NBO) calculation and application of second-order perturbation theory show strong charge transfer between the antimalarial and hydrogel model. In addition, the results suggest these interactions are polar in nature, where hydrogen bonds play a principal role in stabilization of the complex. Comparing with the gas-phase, the complexes in the water environment are also stable, with suitable values of Log P (Partition coefficient), and dipolar momentum. Consequently, these results encourage to test acrylamide hydrogels as antimalarial delivery systems.
Introduction
Malaria is a chronic infection caused by protozoans of the genus Plasmodium and it is considered as one of the deadliest diseases of the planet. Dramatically, 60% of the world's population lives under Since the binding energy is of the order of thermal energy, bond formation (or interaction) is reversible; bonds are created and destroyed by the change in temperature or reactant concentration. Thus, thermodynamic function estimations not only represent the extent of interaction but also allows to estimate the dissociation-temperature of the complex as well [26] [27] [28] [29] .
Computational chemistry represents an excellent tool for estimating molecular interactions, as well as thermodynamic parameters and elucidating reaction mechanisms [30] [31] [32] . Nowadays, computational chemistry is the starting point in the design and rational synthesis of drug discovery, herbicides, and insecticides [33, 34] . Therefore, using computational chemistry represents a useful tool to estimate the molecular interaction taking place in the drug delivery system, obtaining a predictive model for behavior of these systems. On the other hand, this will allow rational selection of the drug and the suitable system delivery. Moreover, computational simulation of drug delivery systems has emerged for use recently, mainly in controlled anticancer and antituberculosis drug delivery [32, [35] [36] [37] [38] [39] .
Despite the importance of eradicating or mitigating the malarial disease and the potential use of antimalarial delivery system drugs to reach this goal, there is no work reported where computational simulation is used with the purpose of gaining insight the molecular association in the antimalarial-delivery system. For this reason, the main objective of this work is to obtain the electronic and structural properties to determine if the non-covalent addition of drugs to a polymer administration system is favorable, in addition to determining the chemical reactivity using molecular descriptors.
This is the first theoretical study that evaluates the possibility of using polyacrylamide as a matrix for the antimalarial delivery system. Dimer (DAA) and trimer of acrylamide (TAA) were used as the models of polyacrylamide hydrogels; the molecular interactions with chloroquine (CQ), primaquine (PQ) and amodiaquine (AMQ) antimalarials were studied using Density Functional Theory (DFT) as the level of theory and the wb97xd/631++G(d,p) basis set. Electronic transferences energies and charge distribution were calculated by the means of the conceptual DFT jointly with Natural bond orbital, respectively [29, 40] .
Materials and Methods

Computational Methods
The minimum potential energy surface of three antimalarial drugs and their complexes with polyacrylamide models (DAA, TAA, DAA-CQ, DAA-PQ, DAA-AQ, TAA-CQ, TAA-PQ and TAA-AQ) were performed at Density Functional Theory (DFT) level, using functional exchange-correlation of wb97xd, taking into account both short-range and long-range interactions, combined with the basic set 6-31++G(d,p), from Gaussian 16 software [41] . This methodology has demonstrated to be accurate enough to evaluate the interaction between organic molecules [42] [43] [44] .
The algorithm of Berny analytical gradient was used throughout as the optimization criterion. The requested convergence was density matrix 10 −9 atomic units, maximum displacement threshold 0.0018 Å, and maximum force threshold 0.00045 Hartree Bohr-1. The nature of stationary points was recognized by calculating and diagonalizing the Hessian matrix (force constant matrix). Minimum energy geometry was characterized by means of normal-mode analysis, by having all positive frequencies.
Frequency calculations were used with the purpose to obtain some important parameters as zero-point vibrational energy (ZPVE), temperature corrections (E(T)) and absolute entropies (S(T)). When the calculation was carried out in the vacuum, the entire species i.e., reactant, complexes and products, were considered an ideal gas, with harmonic frequencies and inertia momentum estimated from the statistic mechanical standard method at 298.15 K and 1 atm [45] .
Dimer and trimer of acrylamide (AA) were used as a model of polyacrylamide-based hydrogels. Some reports have proved the trimer of acrylamide (AA) represents a good model for simulation of polyacrylamide properties [30, 46] .
In order to achieve a better estimation of the binding energy [47, 48] , the basis-set superposition error (BSSE) correction was applied in the optimized structure of the various clusters by the standard counterpoise method in which the binding energy (BE) of a complex is defined as:
where E complex , E Model , and E drugs are energies of DAA or TAA with drugs, energies of DAA or TAA and Free drugs molecules energies. BSSE is the basis set superposition error [49, 50] . The negative value of ∆Eb indicates a minimization of energy; on the other hand, the interaction is exothermic [47] . Natural bond orbital (NBO) analysis [29] was used to understand the orbital interactions and changes in charge distribution as well as the bond order into the complex and free models and drugs. From the DFT point of view, the global interaction between drugs and polymers model is described by ∆N, which determines the number of electrons transferred from a molecule A to molecule B, and computed as:
where µ is electronic potential, n is global hardness; A and B are acceptor and donor molecules, respectively. A negative value on ∆N indicates the electron flow will be spontaneous from A to B; the reverse direction will have positives values [40] . Solvation energy (∆Gs) and LogP (QSAR properties) were computed. ∆Gs were calculated using the C-PCM method, with the wb97xd/6-31++G(d,p) theory level using Gaussian 16 [41] . The Log P was calculated using the Spartan software by selecting the Ghose-Crippen method. This method is independent of the wave energy function, that is, the calculation does not influence whether it obtained using a quantum mechanics, molecular mechanics, or a semi-empirical method. The Ghose-Crippen method was parameterized [51] taking in account 110 atoms/bonds, including the most common atoms such as C, H, O, N, S, and the halogens. Log P is a measure of solubility of the substance in water and into lipid phase (octanol). In this sense, it is necessary that the polymer chains interact with water, in order to swell and release the drugs through a diffusion process. Hence, the hydrophilicity and solvation energy are an important parameter in drug delivery system simulation.
Results
Geometrical Structures and Binding Energy
The study of polymer-antimalarial drugs was carried out using the wb97xd/6-31++G(d,p) level of theory. The minimum energy geometries of antimalarial drugs and complexes DAA-CQ, DAA-PQ, DAA-AQ, TAA-CQ, TAA-PQ and TAA-AQ were confirmed through frequency calculation.
The minimum energy structures are shown in Figures 1 and 2 . Application of second derives criterion using frequency calculation proved that all of them were minimum energy geometries. Table 1 illustrates the geometric parameters for the structure studied in the vacuum. Nevertheless, when several possible interaction geometries of the model and drugs were studied, the structure of minimum energies was always the one in which the dipole-dipole interactions between the drug and polymer model takes place. Besides, Table 1 reveals that the interatomic bonds lengths are in the range (1.02 ≤ A ≤ 3.54) Å. The small interatomic length found for PQ and AQ suggest dipole-dipole interaction. Likewise, this result indicates a better interaction between hydrogel-PQ and AQ than hydrogel-CQ. Geometry parameters for complexes DAA-CQ, DAA-PQ and DAA-AQ at wb97xd/6-31++G(d,p).
Complex
Bond Length Å Table 2 shows the binding energy, corrected using BSEE described previously. It could be noted that the higher the acrylamide monomers number, the slower the binding energy. In general, the values of binding energy obtained vary from 62 to −55 kJ/mol and are in the non-covalent range of energy. These results and the equilibrium distances between drugs-polymer (2.00-4.3 Å) indicate these kinds of antimalarial drugs could physically adsorb into the hydrogel matrix; thus, they represent strong evidence to test the possibility of its use as a drug release system. It could be noted that the binding energy follows the order: ∆E b (TAA-PQ) < ∆E b (TAA-AQ) < ∆E b (TAA-CQ) < 0, suggesting the polymeric matrix interacts better with primaquine and amodiaquine than chloroquine.
In order to understand the interactions between antimalarials and the model of hydrogels, the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbitals (LUMO) were studied. Figure 3 shows the frontier molecular orbital of antimalarial compounds and hydrogel model studies herein.
It could be noted for completely antimalarial drugs, i.e., chloroquine, primaquine and amodiaquine, HOMO orbitals are located into a specific molecular region. Presence of dipolar momentum in these molecules could be used in order to find the best polymeric matrix; consequently, permanent dipolar region or donor-acceptor region into molecules, could warrant the suitable interaction within the dipolar region of the hydrogel model. It can note that TAA has a similar characteristic of the HOMO-LUMO orbital, i.e., acceptor-donor regions, to the drugs frontiers orbitals. Therefore, there is a high probability of a better interaction between antimalarial and hydrogel as the monomer chain increases. The dual DFT descriptor ΔN was calculated in order to understand the dipole interaction in nature. For this goal, polymeric models were considered as species B and antimalarial compounds as species A. Negatives values in all cases suggest the electrons flux goes from antimalarial to hydrogel model. Likewise, the hydrogel is acting as an acceptor species and drugs are the electronic donors (see Table 3 ). It can be seen that the electronic potential is negative, confirming the stability of all complexes between the hydrogel model and drugs. These results are strong evidence for the potential use of these complexes as an antimalarial drug delivery system. The dual DFT descriptor ∆N was calculated in order to understand the dipole interaction in nature. For this goal, polymeric models were considered as species B and antimalarial compounds as species A. Negatives values in all cases suggest the electrons flux goes from antimalarial to hydrogel model. Likewise, the hydrogel is acting as an acceptor species and drugs are the electronic donors (see Table 3 ). It can be seen that the electronic potential is negative, confirming the stability of all complexes between the hydrogel model and drugs. These results are strong evidence for the potential use of these complexes as an antimalarial drug delivery system. 
Natural Bond Orbital (NBO) Analysis
The nature of the intermolecular bond for DAA-CQ, DAA-PQ, DAA-AQ, TAA-CQ, TAA-PQ and TAA-AQ complexes, were studied by means of NBO analysis. In this way, second-order perturbation theory was used in order to gain insights about the donor (i) acceptor (j) orbital binding. Associated stabilization energy was calculated using Equation (3), from Fock matrix analysis on NBO calculation [29, [52] [53] [54] .
where qi is the donor electronic occupied orbital; Ej and Ei are orbital energies, and Fij is out-diagonal Fock matrix element. Table 3 shows the most important interactions between donor and acceptor elements in complexes DAA-CQ, DAA-PQ, DAA-AQ, TAA-CQ, TAA-PQ, and TAA-AQ. In all cases, the donor element is the lone pair from N, Cl, or O atoms, while the acceptor one is the antibonding, σ*, C-H, O-H, and N-H orbitals, confirming the molecular interactions are mainly dipolar in nature. A close inspection of Table 4 reveals the most important interaction between PQ and AQ with TAA, occurs through a hydrogen bond with high stabilization energies in both PQ and AQ. Moreover, these results imply a greater extent for the interaction of the hydrogel model with primaquine and amodiaquine, but a little interaction with chloroquine. Likewise, these results are in agreement with the large bond energies obtained for TAA-PQ and TAA-AQ in comparison with the TAA-CQ complex. 
Water Environment Behavior
Quantitative structure-activity relationship (QSAR) approaches, as progressive tools in modeling and prediction of many physiochemical properties, offers a fast measure of predictability in the absence of extensive experimental or computed data on compound properties. In this respect, the QSAR properties derived from Hyperchem software were calculated, with the purpose to estimate the performance of complexes in the water environment. Table 5 shows three fundamental properties that have a great influence on a drug-delivery system: hydrophilicity (Log P), solvation free energy (Gibbs free energy), and dipole momentum. These descriptors allow estimating the behavior of the drugs, once they are delivered into the receptor. According to Table 5 , all of the complexes have solvation energy <0, thus, all of them are stable in water. In addition, the values of Log P indicate all complexes are hydrophilic (Log P < 0) and polar in nature (µ > 0). These results are strong evidence about the possibility to test these models as a drug-delivery system; polarity and hydrophilicity are a warranty of the interaction of water and polymeric chain; in this sense, hydrogels would start to swell and then, release the antimalarial drugs.
Conclusions
Minimum energy structure of Chloroquine, (CQ), Primaquine (PQ) and Amodiaquine (AQ) and their Van der Waals complexes with dimer and trimer of acrylamide, were calculated using density functional theory (B3LYP/6-31++G(d,p) in both gas phase and water solution (C-PCM). The binding energy suggests all compounds could form a stable complex with acrylamide hydrogel in both vacuum and water. The second order perturbation theory suggests the complexes formed mainly through dipole-dipole interaction and hydrogen bonds play a pivotal role in the stability of these complexes. Additionally, QSAR properties as Log P, solvation free energy, and dipolar momentum, µ, show the complexes could be soluble, stable and could interact with water molecules, allowing the swelling of the hydrogel and release of the antimalarial drugs. The results show herein suggest amodiaquine (AQ) and primaquine (PQ) are suitable antimalarial drugs for delivery from an acrylamide-based hydrogel.
